In a recent study (1), we confirmed the observation of Bresler (2) and Toussaint and Vereerstraeten (3) that tubular sodium reabsorption (TNa) in dogs increases following plasma sodium (PNa) elevation. However, when the increase in filtered sodium (FNa) that usually accompanied an elevated PNa was eliminated by reducing glomerular filtration rate (GFR) with an aortic clamp, hypernatremia appeared to inhibit rather than stimulate TNa. Similar results have been obtained by Blythe and Welt (4), who found that sodium excretion during the infusion of hypertonic saline was above control when filtered sodium was reduced below control by inflating a balloon in the inferior vena cava. The micropuncture studies of Giebisch, Klose, and Windhager (5) in rats have also demonstrated that TNa is decreased by hypertonic saline infusions.
In a recent study (1) , we confirmed the observation of Bresler (2) and Toussaint and Vereerstraeten (3) that tubular sodium reabsorption (TNa) in dogs increases following plasma sodium (PNa) elevation. However, when the increase in filtered sodium (FNa) that usually accompanied an elevated PNa was eliminated by reducing glomerular filtration rate (GFR) with an aortic clamp, hypernatremia appeared to inhibit rather than stimulate TNa. Similar results have been obtained by Blythe and Welt (4) , who found that sodium excretion during the infusion of hypertonic saline was above control when filtered sodium was reduced below control by inflating a balloon in the inferior vena cava. The micropuncture studies of Giebisch, Klose, and Windhager (5) in rats have also demonstrated that TNa is decreased by hypertonic saline infusions.
In all these studies the depression of TNa was considered to be a consequence of hypernatremia per se. In each case, hypernatremia was induced by loading with hypertonic saline. The infusion of similar volumes of isotonic saline has been shown to inhibit TNa to a comparable degree (6) (7) (8) (9) . Therefore, the studies cited do not clearly differentiate between volume expansion and hypernatremia as the cause of the decreased TNa, nor, indeed, do they clearly establish that hyper-* Submitted for publication December 18, 1964 ; accepted March 8, 1965 .
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natremia itself has any direct effect on TNa. In the present experiments, we have attempted to isolate the effects of hypernatremia on TNa by unilaterally elevating renal arterial PNa, using the opposite kidney as a simultaneous control. Since any effect of volume expansion is presumably equal in the two kidneys, changes in TNa in the experimental kidney relative to the control should be a function of hypernatremia per se. The results demonstrate that hypernatremia specifically inhibits TNa by means of a direct intrarenal action.
Methods
Female mongrel dogs were anesthetized with pentobarbital, 30 mg per kg intravenously, and small supplementary doses were given as necessary to maintain light anesthesia. A sustaining infusion containing appropriate concentrations of inulin and p-aminohippurate (PAH) in 0.82% NaCl was given throughout each experiment at 8.0 ml per minute. The dogs were last fed about 20 hours before an experiment; water was usually allowed ad libitum. In some studies, water was withdrawn 18 hours before the experiment, and the dogs were given 5 U vasopressin tannate in oil intramuscularly 18 hours and again i hour before the experiment; aqueous Pitressin, 50 mU per kg per hour, was added to the sustaining infusion. Urine was collected separately from each kidney through polyethylene tubing that had been inserted into the ureters through a lower mid-line abdominal incision.
The experimental kidney was supplied with femoral arterial blood through a modification of the surgical procedure used by Goodman and Fuisz (10) . The ipsilateral femoral artery was cannulated and connected to i-inch (i.d.) polyethylene tubing. Through a flank incision, the proximal segment of the artery to the experimental kidney was carefully dissected free from the surrounding connective tissue. After the intravenous administration of 50 mg of heparin, the renal artery was ligated at its origin and cannulated. Care was taken that the cannula was aligned properly with the direction of the artery and that the tip was proximal to the bifurcation. The renal arterial cannula was then connected to the tubing in the femoral artery, and circulation to the experimental kidney was thus completed. The period of renal ischemia during the creation of the shunt varied from 1 to 4 minutes.
Infusions into the shunt were accomplished by direct puncture of rubber tubing near its femoral end with the needle directed against the flow of blood to enhance mixing. Blood samples for the experimental kidney were obtained via a sidearm close to the renal end of the shunt. The length of the tubing between the site of infusion and the point at which blood samples were drawn was approximately 40 cm. Blood samples for the control kidney were obtained from a retention needle in the jugular vein.
After the collection of three to five control periods, 20% saline was infused into the shunt at 0.5 to 3.0 ml per minute. After 5 to 10 minutes for equilibration, the "hypernatremic" periods were collected. In some experiments the degree of hypernatremia on the experimental side was then altered by changing the rate of the hypertonic infusion, and additional groups of hypernatremic periods were obtained. In some cases hypernatremic periods were collected with the shunt partially occluded by a clamp, so that clearance measurements could be made with sodium excretion from the experimental kidney equal to or only slightly greater than the value on the control side. In some experiments, additional control periods, during which no saline was infused into the shunt, and "isotonic" periods, during which 0.82% saline was infused into the shunt, were obtained between or after the groups of hypernatremic periods.
Inulin 
Results
The detailed protocol of a single experiment is presented in Table I . In the control periods filtered sodium was equal in the two kidneys; sodium excretion was slightly higher on the experimental side. Hypertonic saline (20%) was then infused into the right femoral-renal arterial shunt at about 0.9 ml per minute, elevating PN. in the shunt blood 10 to 20 mEq per L above systemic PNa. After one set of hypernatremic periods at the spontaneous rates of sodium excretion had been obtained, excretion from the experimental kidney was brought closer to the rate of the control kidney by partial occlusion of the shunt, and a second set of hypernatremic periods was obtained. Despite modest but definite reduction of FNa in the experimental kidney during both of these collections, sodium excretion from the experimental kidney exceeded that from the control by 0.130 to 0.300 mEq per minute. The clamp was released and the 20% saline infusion stopped. A 0.82%o concentration of saline was then infused into the shunt at 2.9 ml per minute, a rate well in excess of that at which the 20%o saline had been given. In the isotonic periods, which were next collected, sodium excretion was approximately equal in the two kidneys, although a modest reduction in FNa of the experimental kidney was still present. The isotonic infusion was then stopped, 20% NaCl was restarted into the shunt at nearly twice the earlier rate, and the shunt was again partially occluded. The reduction in GFR of the experimental kidney due to clamping of the shunt compensated almost exactly for the elevation of 65 to 85 mEq per L in PNa in the shunt blood, so that filtered sodium was approximately equal in the two kidneys. Mean sodium excretion from the experimental kidney now exceeded mean excretion from the control kidney by 0.475 mEq per minute. Finally the clamp was released, and isotonic saline was infused into the shunt in place of hypertonic. The GFR of the experimental kidney did not quite return to control in the ensuing isotonic periods; FNa and sodium excretion were both lower on the experimental side. Thus, during all three sets of hypernatremic periods, sodium excretion from the experimental kidney was significantly greater than that from the control kidney, despite equal or decreased FNa in the experimental kidney. This increase in sodium excretion did not occur when a larger volume of isotonic saline was infused into the shunt.
The results of all eight experiments are summarized in Table II . In seven studies, sodium excretion from the experimental kidney was elevated during the infusion of hypertonic saline, despite a lower FNa. In the remaining experiment (no. 6), sodium excretion in the first set of hypernatremic periods was equal when FNa was 0.6 mEq per minute lower in the experimental kidney; in the second group of hypernatremic periods, experimental sodium excretion exceeded Figure 1 . Each point represents the mean difference, experimental minus control kidney, in filtered and excreted sodium during one group of periods. Eleven control, seven isotonic, and fifteen hypernatremic periods are plotted. In the control periods, during which there was no infusion into the shunt, FNa on the experimental side was higher than on the control side in one, the same in two, and 0.3 to 2.1 mEq per minute lower in eight collections. Differences in sodium excretion between the kidneys were slight, varying from + 0.05 to -0.05 mEq per minute; on the whole, differences in excretion paralleled differences in FNa, so that mean excretion was slightly less on the experimental side. The results of the isotonic periods, during which 0.82% saline was infused into the shunt, were similar to those obtained during control collections. Sodium excretion from the experimental kidney was generally slightly lower than that from the control kidney; filtered sodium was 0. minute greater than from the control despite a FNa 0.02 to 2.1 mEq per minute lower in the hypernatremic kidney. In three hypernatremic collections, the experimental kidney excreted sodium at the same rate as the control side in spite of a FNa 0.5 to 1.0 mEq per minute less than the control value. In the three remaining hypernatremic collections, both filtered and excreted sodium were greater on the experimental side, but the difference in sodium excretion was 0.2 to 0.8 mEq per minute more than the difference in FNa. The mean differences in FNa between the kidneys (experimental -control) in the control, isotonic, and hypernatremic periods, respectively, were -0.235, -0.580, and -0.506 mEq per minute. These numbers are not significantly different from one another. The mean differences in excretion were -0.015, -0.045, and + 0.251 mEq per minute in the control, isotonic, and hypernatremic periods, respectively. The hypernatremic value differs statistically from each of the other two (p < 0.01 by t test); the control and isotonic values do not differ from each other.
The effect of hypernatremia on TNa is illustrated in Figure 2 . Fractional reabsorption of sodium in the experimental kidney, divided by the value for the control kidney [(exp. TNa/FNa) /(cont. TNa/FNa)], is shown on the ordinate for the control, isotonic, and hypernatremic collections of all eight experiments. During the control and isotonic collections, fractional reabsorption was approximately equal in the two kidneys; the mean ratios were 0.99 and 1.0, respectively. As shown in the third column, during the hypernatremic periods the mean reabsorption ratio fell to 0.93, a value significantly different (p < 0.01) from both the control and the isotonic ratios. The decrease in fractional TNa in the experimental kidney during hypernatremia is not due to differences in relative FNa of the two kidneys in the hypernatremic as compared to the other periods. Inspection of the abscissa of Figure 2 shows that the ratio of FNa in the kidneys (FNa exp./cont.) was similar during the control (0.94), isotonic (0.89), and hypernatremic (0.91) collections, and this was confirmed by statistical analysis.
Discussion
These studies were designed to isolate the effect of hypernatremia on TNa. It was found that elevation of PNa depresses TNa, so that Na excretion is increased approximately 0.3 mEq per minute in a hypernatremic kidney as compared to a control at the same FNa (Figure 1 ). The decrease in TNa is equivalent to approximately 7%o of FNa (Figure 2 ). The depression of TNa in the studies of Blythe and Welt (4) which GFR fell spontaneously and those in which it was necessary to clamp the shunt to reduce GFR during the hypernatremic periods. Hence, the clamping procedure itself does not depress fractional TNa. During control and isotonic periods, sodium excretion from the experimental kidney was decreased when GFR was lower on the experimental side, demonstrating that reduction of GFR per se does not account for the increased excretion during hypernatremia (Figure 1) .
It is assumed that all the variables (other than hypernatremia) that undoubtedly changed during the course of these experiments affected TNa in both kidneys equally. In particular, any depression of TNa induced by volume loading (6-9) presumably was equal in the two kidneys. Hence, the depression of TNa in the experimental kidney during hypernatremia represents a specific effect of the elevated PNa. The decrease in TNa during hypertonic saline infusion noted in previous studies (1, 4, 5) may represent the combined effects of volume loading and hypernatremia, each of which independently depressed TNa. Alternatively, the data are consistent with the possibility that loading with hypertonic saline does not induce a "volume loading" effect on TNa comparable to that induced by isotonic loading. The micropuncture studies of Giebisch and his colleagues (5) demonstrate that hypertonic saline infusion depresses distal sodium reabsorption but does not decrease proximal or loop of Henle sodium transfer, provided sodium excretion is less than 12%o of FNa. The micropuncture experiments of Cortney, Mylle, and Gottschalk (11), however, indicate that isotonic saline loading decreases fractional sodium reabsorption in the proximal tubule. It may be, therefore, that the volume loading effect is proximal whereas the effect of hypernatremia per se is exerted on distal tubular sodium transfer. The depression of proximal TNa noted by Giebisch and co-workers (5) when sodium excretion was in excess of 12% might represent a volume loading effect added to the action of hypernatremia itself in depressing distal TNa. It should be noted that all these micropuncture data were obtained in rats and may not be applicable in detail to the interpretation of our clearance experiments in dogs.
Our (4), is that back diffusion of sodium is enhanced because a steeper concentration gradient for passive diffusion of sodium from the interstitium into the tubular lumen exists during hypernatremia. The increased back diffusion might be sufficient to significantly diminish net transfer of sodium from lumen to interstitium, if the active transfer capacity in that direction were limited. The data of Giebisch and associates (5) demonstrating decreased net transfer of sodium in the distal tubule during hypernatremia would be compatible with this view, since it is known that sodium reabsorptive capacity in this segment is limited (12) . It has recently been demonstrated that the sodium permeability of the mucosal surface of toad bladder (13) and the corresponding outer surface of frog skin (14) decreases as the sodium concentration in the bathing medium is increased. A similar effect of increased tubular fluid sodium concentration on the permeability of the luminal surface of the distal tubular epithelium to sodium might limit sodium reabsorption and account for the effect of hypernatremia on TNa. Thurau (15) has suggested that angiotensin release is stimulated by a high concentration of sodium in the tubular fluid passing the early distal segment in which the macula densa is located. Micropuncture data in rats (5) indicate that during hypertonic saline loading sodium concentration in early distal tubular fluid is probably increased. (Tubular fluid/plasma sodium ratios are unchanged from those in noninfused rats, but plasma sodium is higher in the loaded rats.) Several lines of evidence (16) (17) (18) suggest that angiotensin may directly inhibit TNa. Thus it is possible that the depression of TNa by hypernatremia is mediated by intrarenal release and action of angiotensin. The amount released would be small enough so that no significant concentra-
